and renal function, we have increased renal mass by transplanting a large kidney from an adult dog into healthy immAure recipient< Pediatric renal allograft recipients receive a relatively greater intentionally avoiding other factors known to contribute to hyperincrease in renal mass than do adult recipients because the donors tension and alterations in cardiovascular function. are usually adults. They also have a higher frequency of posttransplant hypertension and cardiovascular problems. Avoiding other variables common to both pediatric and adult patients including MATERIALS AND METHODS pre-existing hypertension and renal disease and the use of cortiTwo sets of acute studies were performed on mongrel dogs in costeroids, renal mass was increased by up to 50% in immature which observations were made with the animals anesthetized. So dogs by implanting large from adult dogs. Cardiovascular that observations could be extended for at least 2 wk after transand renal function were studied before and after transplantation. plantation and to avoid allograft rejection, the effects of corticoBlood Pressure was decreased in anesthetized mongrel Pups at 2 steroids, and anesthesia, a further set of experiments were perhr and 3 days after surgery by 22 and 6 mm Hg, respectivel~; formed on DLA-matched beagle dogs in which chronic catheters pressure was similarly reduced in conscious, chronically catheter-were implanted. ~1 1 animals were fed on normal dog ,-how and ized DLA-matched beagle Pups maintained for 14 days, from %-1 given free access to tap water. Surgical procedures and all studies * 3-0 to 76.8 * 6-7 mm Hg (P < 0.001)-Ghnerular filtration rate in the mongrel dogs were performed under pentobarbital sodium was decreased at 2 hr and 3 days, but was normal at 14 days-anesthesia, induced with an initial 30 mg/kg dose and maintained Cardiac Output was reduced in four of five recipients at 2 hr but with additional doses of the same agent. Kidneys were removed was unchanged at 3 days-Plasma volume was increased at 3 days from adult donors, immediately perfused with a refrigerated soin the mongrel dogs but was normal in the beagles both at 2 and lution (4°C) of artificial extracellular fluid to which dextrose 14 days-We conclude that an increase in renal mass of UP to 50% (IS%), heparin (1000 units/100 ml), and xylocaine (0.5 m1/ 100 by itself does not cause hypertension in the dog and that other ml) were added, and implanted into the recipients using end-tofactors may be implicated in pediatric allograft recipients.
in the mongrel dogs but was normal in the beagles both at 2 and lution (4°C) of artificial extracellular fluid to which dextrose 14 days-We conclude that an increase in renal mass of UP to 50% (IS%), heparin (1000 units/100 ml), and xylocaine (0.5 m1/ 100 by itself does not cause hypertension in the dog and that other ml) were added, and implanted into the recipients using end-tofactors may be implicated in pediatric allograft recipients.
side anastomoses between the renal vessels and the abdominal aorta and inferior vena cava. The ureter was implanted into the Speculation recipient's bladder through a submucosal tunnel using standard anti-reflux technique. Since increase in renal mass per se does not cause hypertension in healthy immature pups, other factors may be responsible for PROTOCOLS posttransplant hypertension in pediatric renal allograft recipients. Likely candidates are pre-existing renal disease, pre-existing vasAcute Experiments in Mongrel Dogs. Eight donors weighed 21.3 cular disease, and the use of corticosteroids. Immature animals f 1.8 kg and nine recipient immature mongrel pups aged between may respond differently than do adults to stimuli which contribute 6 and wk weighed 6.7 * 0.6 kg. Cardiac output was measured to posttransplant hypertension.
by the thermodilution technique (8) (Instrumentation Laboratories) using polyethylene catheters (Blue Formocath; Becton, Dickinson) positioned in the left ventricle (inside diameter = 0.025 One obvious difference between adult and childhood renal inches) and the descending thoracic aorta (inside diameter = 0.045 transplant recipients is the relative mass of the allograft because inches) from the brachial arteries using fluoroscopic guidance. most children receive transplants from adult donors. Hypertension The aortic catheter was used to monitor arterial pressure and as develops in most children after renal transplantation in the early a conduit for the introduction of a 2 French thermistor probe. The postoperative period, and more than 80% of recipients remain left ventricular catheter was used to inject boluses of saline cooled hypertensive, even in the absence of rejection or recurrent disease to O°C. Glomerular filtration rate and effective renal plasma flow (9, 14, 15, 19) . In contrast, the incidence of hypertension in adult were calculated from standard clearances using inulin (25) and prenal allograft recipients is about 50% or less (1). It has been aminohippuric acid (29) . A recording of renal blood flow was suggested that the lower cardiac output and arterial pressure in made with an electromagnetic flowmeter, with the flow probe children may stimulate the large kidneys they receive to produce placed directly on the renal artery (2). The probe was calibrated excess renin, or conversely, that the large kidney may alter cardiac on the femoral artery of the donor at the end of each experiment. output and/or extracellular volume. Many other factors may Plasma volume was measured using Evans blue dye (18) or lZ5I-contribute to posttransplant hypertension, including the use of labeled human serum albumin (17) as the tracer. corticosteroids (4, 16, 21-24, 26, 27) , the presence of multiple One-Day Protocol. In five animals, the posttransplant studies kidneys (end-stage native or previously failed allograft) (l), rejec-were completed on the day of surgery. The arterial catheters tion (3, 7, 13, 16, 20, 22-24, 26, 27) or recurrent disease (16, 19) described above and venous catheters for infusion of drugs and and the development of vascular complications (6, 19) associated intravenous fluids were introduced through forelimb vessels. Conwith transplantation; but these are common to adult and childhood trol clearances, cardiac output, and blood volume estimations were allograft recipients.
made while arterial pressure was monitored. The abdomens of the To focus on relative renal mass and its effect on cardiovascular donor and recipients were then opened using long midline inci- sions, and the kidneys were mobilized. The native kidneys of the recipients were removed and weighed, and the abdominal aorta and inferior vena cava were mobilized. Blood flow in the adult kidney was measured with an electromagnetic flow probe in situ in the donor and after transplantation into the recipient. After transplantation, fluid losses were replaced by IV infusions of blood (from the donor) and either 0.9% sodium chloride or a solution containing 5% dextrose and 0.4% sodium chloride. Renal clearances, cardiac output, arterial pressure, and renal blood flow were studied at 2 hr after transplantation. Three-Day Protocol. Four pups and their donors were studied 2 days before transplantation, and recipients were restudied 3 days afte; transplantation. In these animals, sterile surgical techniques were used for introduction of the catheters, for the pretransplant studies, and for transplantation surgery. Cardiac output and arterial pressure measurements were made as in the 1-day protocol. Inulin clearances before transplantation were calculated using the infusion method (5), and glomerular filtration rate from each kidney was estimated by dividing total clearance by two. In addition, these animals were placed in metabolic cages for 24-hr urine collections both before transplantation and for the 24 hr before the follow-up study 3 days after surgery, and plasma volume was measured.
Chronic Experiments in Related, DLA-Matched Beagle Dogs.
These dogs came from a closed colony of dogs bred at the Mary Imogene Bassett Hospital (Cooperstown, NY). Two adult donors were 10 to 11 months old and a single immature donor was 3 months old. The six recipients were 3 months old. They were trained to stand in a harness, and all measurements were made without anesthesia using chronically implanted polyvinyl chloride catheters (Tygon microbore; Norton; inside diameter = 0.040 inches). A catheter was introduced into either the descending throacic aorta, through a left thoracotomy, or into the abdominal aorta and the inferior vena cava via the left renal artery and vein, after left nephrectomy. The lines were passed through subcutaneous tunnels to an exit site between the scapulae, Tied to the skin, and protected by a dog jacket. Lines were filled with heparin, and flushed daily. Renal clearance of inulin was estimated by the infusion method (5) after infusing the inulin for at least 90 min for equilibration. Twenty-four-hr urine collections were made for sodium excretion with the dogs in metabolic cages while receiving Purina dog chow, which provides about 2 mEq of sodium per kg body weight in 24 hr, and tap water ad libitum. Blood samples were taken at the end of the collection period for plasma renin activity; plasma was separated in a refrigerated centrifuge and stored frozen until assayed using the double antibody radioimmunoassay method of Emanuel et al. (6) . Arterial pressure was monitored daily, and plasma renin activity, 24 hr urinary excretion of sodium, renal clearances of inulin, and blood volume were estimated before transplant surgery and at 24 hr, 7 days, and 2 wk after surgery.
One pair of recipients received adult kidneys which each weighed approximately 65 g. At nephrectomy 3 wk before transplantation, their left kidneys weighed 16.8 and 18.7 g, and their remaining right kidneys, removed on the day of transplantation, Data were analysed using Student's t test or Fisher Exact test for nonparametric data. The null hypothesis was rejected when a P value of 0.05 or less was achieved. Mean values have been presented with the standard error of the mean as the index of dispersion.
RESULTS

ACUTE EXPERIMENTS IN MONGREL DOGS
The donors, selected for markedly greater body weight, also had significantly greater drained kidney weight, mean blood pressure, cardiac output, and hematocrit, but lower calculated peripheral vascular resistance, than the immature recipients (Table  1) .
One-Day Protocol. At 2 hr after renal transplantation, arterial pressure in the five immature recipients had fallen from a pretransplant level of 87.8 + 7.1 to 65.8 + 2.6 mm Hg ( P < 0.05) (Fig. 1) .
Cardiac output fell in four of five recipients, but for the group, total peripheral resistance in the recipients (pretransplant, 87.1 + 15.9 mm Hg/liter/min; posttransplant 81.7 f 16.7 mm Hg/liter/ min). Compared to values obtained in situ in the donor at 2 hr after transplantation, there was no significant change in blood flow to the transplanted kidney (in situ in the donor; 210.9 + 17.8 ml/min; posttransplant, 152.3 + 32.7 ml/min; P > 0.2), or in renal vascular resistance (in situ in the donor, 597 f 52.0 mm Hg/liter/ min; posttransplant, 5 13.0 k 107.8 mm Hg/liter/min). Glomerular filtration rate was decreased from 45.4 +-3.8 ml/min in the donor to 10.1 + 3.2 ml/min (P < 0.001) after transplantation (Fig. 2) .
Three-Day Protocol. At 3 days after transplantation in the four recipients, there were small but insignificant decreases in both mean arterial pressure (95.8 f 5.1 to 89.5 +-8.1 mm Hg) and cardiac output 1.81 + 0.26 to 1.61 + 0.3 1 liters/min) and no change in calculated total peripheral resistance (55.5 f 6.3 to 62.3 f 12.7 mm Hg) (Fig. 1) . In each recipient, there was an increase in plasma volume (391 f 23 ml to 503 + 53 ml; P < 0.02) and a decrease in hematocrit (34.5 + 2.9 to 26.8 f 2.0%; P < 0.005) (Fig.   1 ). Perfusion and function in the transplanted kidney, compared to pretransplant in situ measurements in the donor, had markedly changed by 3 days after transplantation (Fig. 2) . Renal blood flow had fallen from 198.5 f 25.0 to 72.5 + 15.5 ml/min (P < 0.001), and glomerular filtration rate had fallen from 41.2 f 7.7 to 13.7 + 0.9 ml/min ( P < 0.001). Urine flow at 3 days was well maintained, averaging 160 + 7 m1/24 hr in the 3 dogs in which it was measured.
CHRONIC EXPERIMENTS IN DLA-MATCHED BEAGLE DOGS
As in the case of the acute experiments, mean arterial pressure in the recipients after transplantation fell from a control level of 96.1 k 3.0 to 78.5 k 4.1 mm Hg by day 1, and in the five survivors to 86.0 k 3.9 and 76.8 f 6.7 mm Hg (P < 0.001) by days 5 and 14, respectively (Fig. 3) . In the six recipients, there was an insignificant fall in glomerular filtration rate from a pretransplant level of 40.1 Fig. 3 . Two-wk course of blood pressure (BP), glomerular filtration rate (GFR) and blood volume (Blood Vol.) are shown in DLA-matched pups studied in the conscious state before (PRE-TX) and after transplantation. transplantation and in four of five survivors in which it was measured an increase during the next 2 wk to 6 1.1 f 7.1 ml/min (Fig. 3) . There was no change in blood volume (Fig. 3) and an insignificant decrease in hematocrit from the control value of 32.8 + 1.0 to 28.6 f 2.5 by 14 days. Urine flow was 315 * 86 m1/24 hr on day 3 in five of the dogs. One recipient was maintained for 4 months after transplantation during which time she thrived, increasing her body weight from 6.5 to 9.6 kg. Compared to pretransplant values, glomerular filtration rate increased from 28 to 64 ml/min, blood volume increased from 577 to 800 ml, hematocrit was unchanged at 36%, and mean arterial pressure had decreased from 91 to 83 rnrn Hg.
PRE-TX DAYS AFTER TRANSPLANT
The relationship between urinary sodium excretion (x) and plasma renin activity (y) in the recipients before transplantation is shown in Fig. 4 ; there was no increase in plasma renin activity after transplantation; in fact by 2 to 4 wk, plasma renin activity in four of five recipients was below that predicted for comparable levels of urinary sodium excretion.
DISCUSSION
The effect of increased renal mass on cardiovascular function has not been the subject of previous investigations, although renal function has been measured in studies of renal hypertrophy (28) . For example, Silber and Malvin (28) have shown that adult male rats which receive a third kidney have glomerular filtration rates and renal plasma flows 50% greater than those of control levels. These investigators also transplanted hypertrophied kidneys from previously uninephrectomized donors into previous uninephrectomized recipients so that recipients had two hypertrophied kidneys. Subsequently, the hypertrophied kidneys returned to the normal adult size. However, their studies did not look at blood pressure changes, cardiac function, or vascular reactivity, nor did they examine transplantation of an adult kidney or kidneys into immature animals.
In the present study, increasing renal mass in immature dogs failed to induce the hypertension which occurs in pediatric renal transplant patients. There are several possible explanations. The approximate 20 to 50% increase in renal mass which we achieved in dogs is considerably less than the increase which results from transplantation of an adult kidney into an essentially anephric child. Alternatively, the original hypothesis may have been in error; a large kidney alone does not cause hypertension, and other factors, such as the use of corticosteroids, pre-existing renal disease, or hypertension, with or without the addition of increased renal mass, may be more important determinants of the level of arterial pressure after renal transplantation. However, these factors are common to adult and pediatric transplant patients and would not explain the greater frequency of posttransplant hypertension in children. Alternatively, species differences may exist which influence cardiovascular response to renal transplantation.
Reasons for the pressure decreases in the present study have not been completely defined. In the dog, studied on the day of surgery, pressure and renal perfusion were, in part, volume dependent. However, although renal blood flow could be increased by intravenous transfusions to levels only slightly less than normal for the kidney, in situ, in the donor, blood pressure remained markedly depressed. In a large denemated kidney not subject to sympathetic activity, active autoregulatory vasodilatation in response to reductions in perfusion pressure may have limited the animal's ability to respond to volume depletion and the stress of surgery. Pressure was better maintained at 3 days in the acute model, possibly due to a significant increase in plasma volume. We do not have an adequate explanation for the decrease in blood pressure which persisted in healthy growing dogs for as long as 4 months after transplantation. Inasmuch as pre-existing renal disease, allograft rejection, and the use of corticosteroids and anesthesia were avoided in these animals, the pressure decrease must have been related to the increase in renal mass. Age and maturity of the donor and allograft were not important because two of the chronic recipients, with both native kidneys in situ, had their renal mass increased by the addition of a third kidney from an immature donor, and they also became and remained relatively hypotensive. The pressure could not be explained on the basis of changes in cardiac output or plasma volume.
The reduced ~erfusion Dressure in the recivients did not result in elevation of plasma renin activity; actually, in four of five chronic recipients, levels of plasma renin activity after transplantation were lower than predicted on the basis of the relationship between plasma renin activity and 24-hr urinary sodium excretion, established for these animals before surgery. This may have reflected the influence of renal denemation on renin production by the kidney (10, 30) .
Renal blood flow was decreased in the acute model studied at 3 days after surgery. The simultaneous marked reduction in glomerular filtration rate, more marked in the acute than the chronic model, may have been due either to the reduction in arterial pressure to levels close to the lower limit of the autoregulatory range for glomerular filtration rate in the adult dog kidney (1 1) or to transient parenchymal damage (12) . Parenchymal damage is the more likely explanation because (1) although glomerular filtration rate was reduced, urinary flow was normal or increased; and (2) in spite of persistent reductions in arterial pressure between 3 and 14 days in the chronic model, glomerular filtration rate returned to normal.
Thus, the immature dog without pre-existing renal or vascular disease does not develop the cardiovascular complications of renal transplantation which are almost universally seen in pediatric patients. Further studies will be necessary to test the influence of established renal or hypertensive disease and species differences on cardiovascular function after renal transplantation.
